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The composition-distance proﬁles in face-centered cubic (fcc) Ni-Sn alloys at 1173, 1223, 1273,
and 1323 K were measured by means of electronic probe microanalysis (EPMA) using
Ni/Ni-7.3at.%Sn diffusion couples. Based on the available thermodynamic information and
various experimental diffusion coefﬁcients, the atomic mobilities of Ni and Sn in fcc Ni-Sn alloys
were assessed as a function of temperature and composition in terms of the CALPHAD method
using the DICTRA software package. Optimized mobility parameters are presented. Com-
parisons between the calculated and measured diffusion coefﬁcients show that most of the
experimental information can be reproduced reasonably. The obtained mobility parameters can
also predict satisfactorily the composition-distance proﬁles of the Ni/Ni-7.3at.%Sn diffusion
couples determined in the present work.
Keywords atomic mobility, CALPHAD, DICTRA, diffusion,
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1. Introduction
Sn-based alloys with different additives (Ag, Bi, Cu, In,
Sb, Zn etc.) are promising and potential candidates for
Pb-free solders in the modern electronic industry.[1-4] On the
other hand, Cu/Au/Ni layers as substrates or under bump
metallurgy (UBM) layers have been commonly employed in
modern electronic packaging.[5-15] The diffusion behavior
between Sn and Ni affects the microstructure evolution and
the formation of intermetallic compounds at the interface
between the Sn-based solders and the Ni-containing sub-
strates or UBM layers, which has signiﬁcant inﬂuence on
the reliability of the solder joints and then on the mechanical
and electrical properties of the electronic devices.[5,6,9-15]
The diffusion data of Sn and Ni in the Ni-Sn binary
system is indispensable to better understand interdiffusion
between Sn and Ni and thus to help to control the interfacial
microstructure evolution as well as to predict the lifetime of
the solder joints for electronic devices. However, only three
reports on experimental diffusion measurements can be
found in the literature. Vladimirov et al.[16] and Marchive
et al.[17] reported the impurity diffusion coefﬁcients of Sn in
pure Ni by the radiometric analysis. Iijima et al.[18]
measured interdiffusion coefﬁcients and intrinsic coefﬁ-
cients of Sn and Ni in fcc Ni-Sn alloys in the temperature
range between 1223 and 1473 K using semi-inﬁnite diffu-
sion couples with Kirkendall markers. Using 63Ni and 113Sn
as tracing elements, the tracer diffusion coefﬁcients of Ni
and Sn in fcc Ni-Sn alloys at 1373 K were also determined
by Iijima et al.[18] through the residual activity method and
serial sectioning method, respectively.
In order to obtain a full understanding of diffusion in fcc
Ni-Sn alloys, the combination of diffusion experiments and
kinetic simulations are needed. In the present work the
composition-distance proﬁles of the Ni/Ni-7.3at.%Sn diffu-
sion couples at different temperatures were determined
ﬁrstly. Then, the atomic mobilities of Ni and Sn in fcc Ni-Sn
alloys were assessed as a function of temperature and
composition by means of the CALPHAD method using the
DICTRA (DIffusion Controlled TRAnsformation) soft-
ware package,[19-23] which has been used successfully to
simulate various phase transformation processes based on
sharp interface and local equilibrium hypothesis.[24-29]
Finally, we can compare the calculated composition-
distance proﬁles of the Ni/Ni-7.3at.%Sn diffusion couple
with experimental data measured in the present work by
applying the assessed mobility parameters.
2. Experimental Procedure
Ni-7.3at.%Sn alloys were prepared in an arc-melting
furnace (WKDHL-I, Opto-electronics Co. Ltd., Beijing,
China) under a high purity argon atmosphere using Ni
(purity 99.99%) and Sn (purity 99.999%). No chemical
analysis for these alloy ingots were conducted because the
weight loss is less than 0.5 wt.% during arc-melting. In
order to promote grain growth and decrease grain boundary
diffusion, the alloy ingots and Ni blocks were annealed in
sealed quartz tubes in vacuum of 19103 Pa at 1273± 2 K
for 130 h. Afterwards, the tubes were taken out from the
furnace and quenched into water. Then, diffusion couples
J. Wang, EMPA, Swiss Federal Laboratories for Materials Testing and
Research, Laboratory for Joining and Interface Technology,
U¨berlandstrasse 129, CH-8600 Du¨bendorf, Switzerland and School
of Materials Science and Engineering, Central South University,
Changsha, Hunan 410083, P. R. China; C. Leinenbach andM. Roth,
EMPA, Swiss Federal Laboratories for Materials Testing and Research,
Laboratory for Joining and Interface Technology, U¨berlandstrasse 129,
CH-8600 Du¨bendorf, Switzerland; and H. S. Liu, L. B. Liu, and
Z. P. Jin, School of Materials Science and Engineering, Central South
University, Changsha, Hunan 410083, P. R. China. Contact e-mail:
jiang.wang@empa.ch.
Section I: Basic and Applied Research JPEDAV (2010) 31:28–33
DOI: 10.1007/s11669-009-9607-x
1547-7037 ASM International
28 Journal of Phase Equilibria and Diffusion Vol. 31 No. 1 2010
were assembled from the obtained Ni-7.3at.%Sn alloys and
pure Ni blocks by pressure diffusion welding at 873 K
under Ar ﬂow for 15 min. Subsequently, the diffusion
couples were encapsulated in evacuated quartz tubes
backﬁlled with pure argon and annealed at 1173± 2,
1223± 2, 1273± 2, and 1323± 2 K for 420, 360, 264,
and 180 h, respectively. After diffusion annealing, the
diffusion couples were taken out from the furnace and
cooled down rapidly by breaking the quartz tubes in water.
Finally, after the standard metallographic preparation, the
composition-distance proﬁles of Sn in Ni/Ni-7.3at.%Sn
diffusion couples in the diffusion zone were determined
quantitatively by the electron probe micro-analysis (EPMA)
on a JEOL JXA-8800R (Japan Electron Optics Ltd., Tokyo,
Japan) microprobe under the operating conditions of 20 kV,
20 nA current, and a 40º take-off angle. Pure element
standards provided by JEOL were used for calibration. The
measurements have a relative accuracy of about 1%.
3. Modeling of Atomic Mobility
The temporal proﬁle of the diffusing species k is given by
the Fick’s law in the mass conservation form as follows:
@Ck
@t
¼ divðJkÞ ðEq 1Þ
where Ck is the concentration in moles per volume, and div
denotes the divergence operator. The diffusional ﬂux of the
species, Jk, in a multicomponent system is given by the
Fick-Onsager law as:
Jk ¼ 
Xn1
j¼1
DnkjrCj ðEq 2Þ
Dnkj is the chemical diffusion coefﬁcient. The summation is
performed over (n 1) independent concentration as the
dependent n component may be taken as the solvent. Dnkj in
a substitutional solution phase is given by the following
expression[21,22]:
Dnkj ¼
X
i
ðdik  xkÞxiMi @li
@xj
 @li
@xn
 
ðEq 3Þ
where dik is the Kroneker delta (dik = 1 if i = k, otherwise
dik = 0), xi the mole fraction, li the chemical potential of
element i and Mi the composition dependent atomic
mobility.
From the absolute reaction rate theory, the mobility
parameters Mi for the element i, can be divided into a
frequency factorMi
0 and an activation enthalpyQi. According
to the suggestion by Jo¨nsson,[30-32] theMi can be expressed as:
Mi ¼ exp RT lnM
0
i
RT
 
exp
Qi
RT
 
1
RT
ðEq 4Þ
where R is the gas constant and T is the temperature. Both
Mi
0 and Qi are dependent on temperature, composition, and
pressure. The parameters RT In Mi
0 and Qi can be combined
into one parameter DGi ¼ Qi þ RT lnM 0i : Equation (4)
can be simpliﬁed to as:
Mi ¼ exp DG
/
i
RT
 !
1
RT
ðEq 5Þ
Similar to the phenomenological CALPHAD method,
Andersson and A˚gren[22] suggested the parameter DGi is
assumed to be a function of composition, which can be
expressed by a Redlich-Kister polynomial.[33] For fcc Ni-Sn
alloys, DGi is given as follows:
DGi ¼ xNiDGNii þ xSnDGSni
þ xNixSn
Xn
j¼0
DðjÞGNi;Sni ðxNi  xSnÞj (Eq 6)
where DGNii and DG
Sn
i are the values of DG
/
i for fcc(Ni) and
hypothetical fcc(Sn), respectively, and thus represent the
endpoint values in the composition space, while DðjÞGNi;Sni is
the binary interaction term for diffusion between Ni and Sn.
4. Results and Discussion
In order to extract the mobility parameters, reasonable
thermodynamic descriptions are required for calculating the
thermodynamic factor. The thermodynamic database of the
Ni-Sn binary system from Liu et al.[34] has been used in
the present work, which can reproduce the phase diagram
and most of thermodynamic data. Figure 1 is the calculated
phase diagram of the Ni-Sn binary system and Fig. 2 shows
the thermodynamic factor (/) in fcc Ni-Sn alloys at different
temperatures. The mobility parameters of Ni in fcc(Ni) and
Fig. 1 Calculated phase diagram of the Ni-Sn binary system
from Liu et al.[34]
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Sn in fcc(Sn) have been assessed by Jo¨nsson[35] and Wang
et al.,[36] respectively, and are adopted in the present work.
Besides them, according to Eq (6), the impurity diffusion
coefﬁcients of Ni in hypothetical fcc(Sn) are required but
cannot be measured experimentally. Therefore, the impurity
diffusion coefﬁcients of Ni in hypothetical fcc(Sn) is set
equal to the self-diffusivity of Sn in fcc(Sn), and the
mobility parameters of Sn in fcc(Ni) is subject to the
optimization in the present work.
All optimizations for obtaining the atomic mobilities
have been performed in the PARROT module of the
DICTRA software package.[21-23] This module works by
minimizing the square sum of the differences between
experimental data and calculated values. In the present
optimization, the experimental data of impurity diffusion
coefﬁcients, tracer diffusion coefﬁcients, intrinsic diffusion
coefﬁcients and interdiffusion coefﬁcients reported by
Vladimirov et al.,[16] Marchive et al.,[17] and Iijima
et al.[18] were employed to assess the mobility parameters
of Ni and Sn for the face-centered cubic (fcc) Ni-Sn alloys.
The mobility parameters used and obtained ﬁnally in the
present work are summarized in Table 1.
Figure 3 illustrates the calculated temperature depen-
dence of Sn impurity diffusion coefﬁcients in pure Ni
with experimental data.[16,17] The calculated values are in
good agreement with experimental data measured by
Vladimirov et al.[16] and Marchive et al.[17] Comparisons
between the calculated tracer diffusion coefﬁcients of Sn
and Ni at 1373 K in the Ni-rich Ni-Sn alloys with
experimental data[18] are given in Fig. 4. Although a small
difference exists between the calculated values and the
measured data by Iijima et al.,[18] the calculated results are
reasonable and acceptable in the present work if considering
that the experimental error of diffusion data is normally
within one or two orders of magnitude.
Figure 5 compares the calculated intrinsic diffusion
coefﬁcients of Ni and Sn at 1373 K in the Ni-rich Ni-Sn
alloys. The calculated intrinsic diffusion coefﬁcients of Sn
Fig. 2 Calculated thermodynamic factor (/) of the fcc phase in
the Ni-Sn binary system at the different temperatures using the
data by Liu et al.[34]
Fig. 3 Calculated temperature dependence of Sn tracer diffu-
sion coefﬁcients in pure Ni with experimental data[16,17]
Table 1 Mobility parameters of the face-centered cubic Ni-Sn alloys
Mobility Parameters(a) Reference
Mobility of Ni DGNiNi ¼ 287000þ RT lnð2:259 104Þ [35]
DGSnNi ¼ 59345þ RT lnð3:477 105Þ [36]
D0GNi;SnNi ¼ þ650787 247:3 T This work
Mobility of Sn DGSnSn ¼ 59345þ RT lnð3:477 105Þ [36]
DGNiSn ¼ 247479þ RT lnð7:961 105Þ
D0GNi;SnSn ¼ 428873þ 217:7 T
This work
(a) Note: The units are J/(mol atoms), while the parameters R and T are the gas constant and temperature, respectively
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are in excellent agreement with experimental data measured
by Iijima et al.[18] However, the calculated intrinsic
diffusion coefﬁcients of Ni deviate with experimental data
measured by Iijima et al.[18] The reasons for this deviation
are as follows. On the one hand, the tracer diffusion
coefﬁcient of Ni as shown in Fig. 4 is equal to the intrinsic
diffusion coefﬁcient of Ni given in Fig. 5 and the self-
diffusion coefﬁcient of Ni at 1373 K if the content of Sn in
the Ni-Sn alloy is decreasing to zero. Therefore, it is
believed that the tracer diffusion data in Fig. 4 is more
easily available than the intrinsic diffusion data in Fig. 5. In
the present optimization, a small weight was given to the
intrinsic diffusion coefﬁcients of Ni. On the other hand, the
mobility parameters of Ni adopted in the present work have
been assessed by Jo¨nsson,[35] which can reproduce most of
the experimental data and allows extrapolating to high-order
related systems. During the optimization, these parameters
were ﬁxed to achieve the self-consistent mobility database
of the Ni-based alloys so that this deviation cannot be
avoided.
Figure 6 presents the calculated composition dependence
of interdiffusion coefﬁcients in the Ni-rich Ni-Sn alloys
at different temperatures with experimental data.[18] The
calculated interdiffusion coefﬁcients at 1223 K and 1423 K
show a little deviation from the data reported by Iijima
et al.[18] However, the calculated results at 1273, 1323,
1373, and 1473 K are generally in accordance with the data
measured by Iijima et al.[18]
Further validation of the atomic mobility parameters
obtained in the present work was performed by checking
whether the parameters can describe satisfactorily the
composition-distance proﬁles in the Ni-Sn diffusion cou-
ples. Using the optimized mobility parameters through the
DICTRA software package,[21-23] the composition-
distance proﬁles perpendicular to the interface of the
Ni/Ni-7.3at.%Sn diffusion couples were simulated at dif-
ferent temperatures as shown in Fig. 7 and 8. As can be
seen, the calculated composition-distance proﬁles of the
Ni/Ni-7.3at.%Sn diffusion couple at 1173, 1223, 1273, and
1323 K are in excellent agreement with experimental data
measured in the present work, respectively. This conﬁrms
the validity of the mobility parameters obtained in the
present assessment.
Fig. 4 Calculated tracer diffusion coefﬁcients of Sn and Ni in
fcc Ni-Sn alloys at 1373 K with experimental data[18]
Fig. 5 Comparison of the intrinsic diffusion coefﬁcients of Ni
and Sn at 1373 K in the fcc Ni-Sn alloys with experimental
data[18]
Fig. 6 Comparison of the calculated interdiffusion coefﬁcients
in the fcc Ni-Sn alloys at different temperatures with experimen-
tal data[18]
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5. Conclusion
The composition-distance proﬁles of the Ni/Ni-
7.3at.%Sn diffusion couples at 1173, 1223, 1273, and
1323 K were measured by means of electronic probe
microanalysis (EPMA). Combined with the available ther-
modynamic data and various experimental diffusion coef-
ﬁcients, the atomic mobilities of Ni and Sn in face-centered
cubic Ni-Sn alloys as a function of temperature and
composition have been assessed using the DICTRA
software package. The optimized mobility parameters can
be employed to reproduce satisfactorily most of the
experimental information on the measured diffusion coef-
ﬁcients in face-centered cubic Ni-Sn alloys. Furthermore,
the composition-distance proﬁles determined in the present
work can be also predicted with reasonable accuracy.
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Fig. 8 Calculated composition-distance proﬁles of the Ni/Ni-
7.3at.%Sn diffusion couple with experimental data measured in
the present work. (a) 1273 K for 264 h; (b) 1323 K for 180 h
Fig. 7 Calculated composition-distance proﬁles of the Ni/Ni-
7.3at.%Sn diffusion couple with experimental data measured in
the present work. (a) 1173 K for 420 h; (b) 1223 K for 360 h
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